Background and purpose: Synaptic deficiency is generally accepted to be involved in major depression, and accordingly classic antidepressants exert their effects through enhancing synaptic efficiency. Hypericin is one of the major active constituents of extracts of St. John's Wort (Hypericum perforatum L.) with antidepressive actions, but little is known about its therapeutic mechanisms. Our aim was to explore whether hypericin has a modulatory effect on neuronal action potential (AP) duration by acting on voltage-gated ion channels. Experimental approach: We used voltage-clamp and current-clamp techniques in a whole-cell configuration to study primary cultures of neonatal rat hippocampal neurones. We measured the effects of extracellularly applied hypericin on AP duration as well as on voltage-gated Na + , IA and IK currents. Key results: Extracellularly applied hypericin dose-dependently increased AP duration but barely affected its amplitude. Further analysis revealed that hypericin inhibited both transient IA and delayed rectifier IK potassium currents. In contrast, hypericin exerted no significant effect on both Na + peak current and its decay kinetics.
Introduction
Major depression occurs worldwide as a severe medical and economic problem, often leading to disability in well over 50% of patients (Kessler et al., 2003; Spijker et al., 2004) . In depressed patients, both overall mortality (Cuijpers and Smit, 2002) and suicide risk (Bostwick and Pankratz, 2000) were reported to be substantially increased. Fifty years of studies on the action of antidepressant drugs led to a general belief that a deficiency of monoaminergic neurotransmission is involved in major depression, and clinically available antidepressants, including the monoamine oxidase inhibitors and tricyclic antidepressants, exert their effects by enhancing functions of the monoaminergic system (Charney and Manji, 2004; Berton and Nestler, 2006) . Although the available antidepressants have proved to be generally safe and effective, side effects are nonetheless a serious problem, and most importantly, more than half of all the depressed patients showed more or less resistance to these drugs (Berton and Nestler, 2006) . At the same time, aqueous alcoholic extracts of St. John's Wort (Hypericum perforatum L.) were well documented in numerous clinical studies and meta-analyses to have antidepressant efficacy comparable to that of classic antidepressants in mild-to-moderate depression, with fewer side effects (Linde et al., 2005; Clement et al., 2006) . Their mechanism of action in the treatment of major depression, however, remains largely unknown.
Hyperforin and hypericin are generally believed to be the major therapeutically active constituents of St. John's Wort extracts, and both compounds have shown significant antidepressant effects in behavioural models of major depression in rodents (Butterweck et al., 1997; Zanoli et al., 2002) . In vitro studies revealed that St. John's Wort extracts potently inhibited the synaptosomal reuptake of 5-HT, noradrenaline and dopamine. Most of this inhibition is believed to be due to hyperforin (Muller et al., 1998; Mennini and Gobbi, 2004; Butterweck and Schmidt, 2007) and whether hypericin, the other major component, plays a role in enhancing synaptic efficiency is still an open question.
In addition to neurotransmitter reuptake, another crucial determinant of synaptic strength is presynaptic transmitter release, which is largely dependent on somatic and presynaptic action potential (AP) duration (Wheeler et al., 1996; Sabatini and Regehr, 1997; Geiger and Jonas, 2000; Atwood and Karunanithi, 2002; King and Meriney, 2005; Bean, 2007) . Indeed, dendritic AP is closely related to somatic APs (Stuart et al., 1997) and synaptic efficiency could be dramatically increased by a small increase in AP duration, not only in presynaptic structures (Sabatini and Regehr, 1997; Qian and Saggau, 1999; Bean, 2007) but also in somata (Chalazonitis et al., 1987; Wheeler et al., 1996; Yazejian et al., 1997; King and Meriney, 2005) . For example, broad AP waveforms applied to somata of chick ciliary ganglion neurons are more effective at activating calcium current than brief APs (King and Meriney, 2005) . Intracellular recordings from CA3 somata showed that changes in somatic AP duration could alter synaptic transmission (Wheeler et al., 1996) . Several different ion conductances collectively mediate an AP in a voltage-and time-dependent manner. The rising phase of AP was largely attributable to explosive activation of inward currents of voltage-gated Na + channels (Hodgkin and Huxley, 1952 ) and slow decay kinetics of Na + currents were found to contribute to broadening of APs (Geiger and Jonas, 2000) . In rat hippocampal pyramidal neurons, two classes of voltage-gated K + channels (nomenclature follows Alexander et al., 2008) played a major role in spike repolarization: the transient IA current which normally provides most of the repolarizing drive, and the delayed rectifying K + channels (IK) (Bean, 2007 ) providing a delayed but sustained repolarizing force. In this study, we show at first that hypericin did significantly increase the AP duration in primary cultures of neonatal rat hippocampal neurons. Then, to find the ionic mechanism of the increase in AP duration, we investigated the effect of hypericin on Na + , IA and IK currents in these neurons.
Methods

Cell culture
All animal care and experimental protocols were approved by the animal research ethical committee (Institute of Biophysics, CAS, Beijing, China). Hippocampal neurons were acutely isolated and cultured according to previously published protocols (Brewer et al., 1993; Chen et al., 2005) with slight modifications. Briefly, newborn Sprague-Dawley rats (within 24 h postnatal; Weitonglihua Animal Center, Beijing, China) were decapitated and isolated hippocampi were incubated in 0.25% trypsin-EDTA (GIBCO) for 7 min at 37°C. After enzymatic treatment, hippocampal tissues were gently triturated in Dulbecco's modified Eagle's medium (Life Technologies) supplemented with 10% fetal bovine serum (Hyclone, Logan, Utah) using a fire-polished Pasteur pipette. The dissociated hippocampal cells were plated at a density of 2 ¥ 10 5 cells·cm
onto poly-L-lysine (0.05 mg·mL -1 , Sigma, St. Louis, MO, USA) overnight-coated glass coverslips and then incubated in a humidified atmosphere of 5% CO2 at 37°C. The medium was changed 7 h later to Neurobasal™-A Medium supplemented with 2% B27 (GIBCO) and 0.5 mM glutamine without antibiotics addition. After that, half of the culture medium was replaced with fresh culture medium every 3 days.
Electrophysiology
Whole-cell voltage-and current-clamp recordings were performed on primary cultures of hippocampal pyramidal neurons between 6 and 10 days in vitro by using a EPC-10 patch-clamp amplifier (HEKA, Germany). All experiments were conducted at room temperature. Pipette and membrane capacitances, and serial resistance were compensated automatically. Series resistance compensation of 50-80% was employed routinely to reduce the voltage error. Offset potentials were nullified directly before formation of the seal. Transients and leakage currents were recorded and digitally subtracted offline in all experiments using averaged records with hyperpolarizing impulses (100 ms voltage steps at -90 mV) that activated no currents. A program package Pulse + Pulsefit (HEKA, Germany) was used for data acquisition and analysis. The extracellular solution for all the recordings was Hanks' balanced salts solution (Sigma; in mM): 1.3 CaCl 2, 0.8 MgSO4, 5.4 KCl, 0.4 KH2PO4, 136.9 NaCl, 0.3 Na2PO4, 10 D-glucose and 4.2 NaHCO3. The intracellular solution for AP and K + current recording contained (in mM): 155 KCl, 2 NaCl, 0.1 CaCl2, 1 EGTA, 2 MgATP and 10 HEPES at pH 7.4. The intracellular solution for Na + current recording contained (in mM): 150 CsCl, 0.1 CaCl2, 2.5 EGTA, 2 MgATP and 10 HEPES, pH 7.4. The K + currents were evoked by depolarizing voltage steps from -110 to +70 mV in 20 mV increments with duration of 200 ms. The IK current was derived by applying a 50 ms prepulse to -50 mV immediately prior to each depolarization step in order to inactivate the IA current. Subtraction of IK currents from those without this inactivating prepulse yielded IA. Na + currents were evoked by depolarizing voltage steps from -100 mV to +20 mV in 10 mV increments with duration of 12 ms. K + current evoked at +30 mV and the maximal Na + current of all traces were analysed. The steadystate outward IK current was measured as mean value in a range from 85% to 95% of the current trace. The decay time constant of both IA and Na + currents was derived by fitting a single exponential to current traces evoked at +30 mV and -30 mV respectively. APs were evoked by passing long depolarizing pulses (100 ms) of increasing magnitude (-20 to 130 pA in 50 pA steps) through the patch electrode (Xi and Xu 1996; Heflin and Cook, 2007; Yu et al., 2008) . AP amplitudes were measured from the resting potential, and AP duration were defined as the width at half of the AP amplitude (Geiger and Jonas, 2000; Bean, 2007; Johnston et al., 2009) . It has been reported that the photoactive hypericin exhibits enhanced in vitro cytotoxicity on light activation (Theodossiou et al., 2008) . Therefore, we compared experimental results in the dark and under weak green light, but no significant difference was found. So, most of the experiments were performed under the weak green light.
Data analysis
All the data are mean Ϯ SE for at least three experiments. Data were analysed statistically by one-way analysis of variance Increased action potential duration after hypericin Y Wang et al (ANOVA) followed by the Bonferroni test for multiple comparisons. The criterion for a significant difference was P < 0.05.
Materials
Hypericin was purchased from Sigma-Aldrich (St. Louis, MO, USA). It was dissolved in dimethyl sulphoxide (DMSO) as a stock solution and diluted into extracellular solution to different concentrations as required. The amount of DMSO was not more than 0.5% per assay.
Results
Effect of hypericin on AP Current clamp in a whole-cell configuration was employed to investigate the effects of hypericin on AP waveform in primary cultures of hippocampal pyramidal neurons. At 1.0 mM, extracellularly applied hypericin caused a slight but noticeable increase in AP duration in all cells that generated a single AP. As shown in Figure 1A , AP duration increased from 2.10 ms before application of hypericin to 2.75 ms after application of 1.0 mM hypericin. In contrast, the corresponding AP amplitude was barely affected. The AP duration, relative to that in control cultures with no interventions, decreased to 0.96 after application of DMSO, the solvent of hypericin, and increased concentration-dependently after application of hypericin (0.1-1.0 mM; Figure 1B) . The corresponding relative AP amplitudes were not changed over this concentration range ( Figure 1C ). These results indicated that hypericin only increased the AP duration without affecting its amplitude.
Effect of hypericin on Na
+ currents To analyse the ionic mechanisms involved in these effects of hypericin, we tested the effect of hypericin on the ion channels that contribute to the AP in neurons. First, voltage clamp of whole-cell configuration was employed to investigate the effects of hypericin on voltage-gated Na + currents in our and AP amplitude (C) relative to control values (=1.0) after different concentrations of hypericin. AP amplitude was measured from the holding potential and AP duration was defined as the width at half of the AP amplitude. **P < 0.01, ***P < 0.001, significantly different from control; one-way ANOVA). AP, action potential.
Figure 2
Effects of hypericin on the whole-cell peak Na + currents. (A) Current traces showing effect of extracellularly applied 1.0 mM hypericin on whole-cell Na + currents (representative of seven cells). The currents was evoked by voltage steps from -100 mV to +20 mV in 10 mV increments for 12 ms. (B) Summary data of the ratio (I/I0) of the whole-cell Na + peak currents before (I0) and after (I) application of different concentrations of hypericin. (C) Summary data of the ratio (t/to) of the decay time constant of Na + current evoked at -30 mV before (t0) and after (t) application of different concentrations of hypericin. The decay time constant of Na + current was derived by fitting a single exponential. There are no significant differences between control and different hypericin concentration groups in both (B) and (C) (P > 0.05, one-way ANOVA).
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Y Wang et al system. As illustrated in Figure 2A , extracellularly applied 1.0 mM hypericin exerted no significant effects on Na + peak current or its decay kinetics. The mean values of the ratio (I/I0) of the whole-cell Na + peak current before (I0) and after (I) application of hypericin (0.1-1.0 mM) were unchanged from control (DMSO only) values ( Figure 2B ). The corresponding values of the ratio (t/t0) of the decay time constant of Na + current evoked at -30 mV before (t0) and after (t) application were similarly unaffected ( Figure 2C ). These results are compatible with the overall effects of hypericin on AP, which showed no effect on the rising phase and amplitude of the AP.
Effect of hypericin on K
+ currents Our experiments showed that the falling phase of APs was significantly altered by application of hypericin, suggesting that many voltage-dependent K + channels could be involved. Therefore, we tested the action of hypericin on the outward K + currents, which could be split into two major components: a fast transient IA and a delayed rectifier IK current (Klee et al., 1995) . As shown in Figure 3A and B, extracellularly applied 1.0 mM hypericin significantly inhibited IA peak current. Normalized IA current traces evoked at +30 mV clearly showed that hypericin accelerated the decay kinetics of the IA currents. The ratio (I/I0) value of the whole-cell IA peak current evoked at +30 mV before (I0) and after (I) treatment was concentration-dependently decreased after application of hypericin (0.1-1.0 mM) ( Figure 3B) . Moreover, the corresponding ratios (t/t0) of the decay time constant of the IA current were also decreased after application of hypericin ( Figure 3C ). Thus hypericin dose-dependently suppressed the IA peak current and slowed its decay kinetics.
In addition, extracellularly applied 1.0 mM hypericin also significantly inhibited the IK current ( Figure 4A ) and over the concentration range used here ( Figure 4B ).
Discussion and conclusions
Hypericin is a highly lipophilic molecule with a rigid planar configuration. It has been recently shown that hypericin can preferentially incorporate and partition into ordered raft domains of membrane systems (Ho et al., 2009) . Ion channels are embedded in the lipid environment of the plasma membrane. They can be modulated by dynamic alterations in the microenvironment of the membrane (Ordway et al., 1989; Barrantes, 2002; Tillman and Cascio, 2003) . For example, it has been shown that lipid soluble molecules can regulate many K + channels, such as TRAAK channels (K2P4.1, Maingret et al., 2000) , inward rectifier GIRK channels (Kir3, Huang et al., 1998) , Ca 2+ -dependent BKCa channels (KCa1.1, Chi and Qi, 2006) and voltage-dependent K + (Kv) channels (Schmidt and Mackinnon, 2008) . Therefore, because hypericin is able to partition into lipid membranes, we suggest this compound might regulate the IA and IK channels by directly interacting with the channels or indirectly modulate the channels (C) Summary data of the ratio (t/to) of the decay time constant of the IA current evoked at +30 mV before (t0) and after (t) application of different concentrations of hypericin. The decay time constant of IA current was derived by fitting a single exponential function. *P < 0.05, **P < 0.01, ***P < 0.001, significantly different from control; one-way ANOVA.
Increased action potential duration after hypericin Y Wang et al through its modification of the physical properties of the lipid bilayer. Clearly, further study is necessary to support this suggestion.
Although St. John's Wort extracts are well known to have antidepressant efficacy comparable to that of classic antidepressants (Linde et al., 2005; Clement et al., 2006) , their antidepressant mechanisms remain largely unknown. One mechanism proposed is that St. John's Wort extracts (mainly due to hyperforin) in vitro potently inhibited the synaptosomal reuptake of 5-HT, noradrenaline and dopamine (Muller et al., 1998; Mennini and Gobbi, 2004; Butterweck and Schmidt, 2007) , which might lead to enhanced synaptic efficiency and consequently to antidepressant effects. In our present study, we found that extracellularly applied hypericin increased AP duration in hippocampal neurons and that this effect of hypericin might be explained by its modulation of voltage-gated K + currents. Our results are compatible with earlier work showing that hypericin prolonged AP duration in cardiac myocytes which could be attributed to its ability to increase L-type Ca 2+ channel (CaV1) conductance consequent on a decreased cellular cGMP level via inhibition of soluble guanylate cyclase (Sauviat et al., 2007) . As a small increase in AP duration can lead to a dramatic increase in synaptic efficiency (Wheeler et al., 1996; Sabatini and Regehr, 1997; Qian and Saggau, 1999; King and Meriney, 2005; Bean, 2007) , our results showing increased AP duration in neurons could similarly lead to a prolonged presynaptic AP duration and enhanced synaptic efficiency. Our study therefore, shows another activity of St. John's Wort extracts exerted by hypericin, one of its major constituents, and which could be highly relevant to the clinically observed anti-depressant effects of these extracts. Summary data of the ratio (I/Io) of the whole-cell IK current evoked at +30 mV before (I0) and after (I) application of different concentrations of hypericin. ***P < 0.001, significantly different from control; oneway ANOVA. The steady-state outward IK current (+30 mV) was measured as mean value in a range from 85% to 95% of the current trace.
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